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ABSTRACT 


Experiments are described in which rectangular mild steel plates 
with four edge clamped are subjected to uniformly distributed impulsive 
loads. The final deflections were recorded for plates with various 
thicknesses and subjected to different impulsive loads. Tl 1S shown 
that strain rate, strain hardening and finite deflections are extremely 
important for the large values of impact velocity. 

Temperature rise on the Specimen Surfaces is investigated 
analytically and the Validity of some other approximations are determined. 


Recommendations are made for future studies in the same general area. 
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INTRODUCTION 


Plastic deformation of structures under dynamic loading is quite 
a@ complex problem and due to this complexity almost no studies had 
been undertaken before 1940. However, recently some progress has 
been made on the dynamic behaviour of beams and some axial symmetric 
structures such as circular and annular plates. 

As far as the author is aware, no study has been done up to 
present, on the dynamic behaviour of rectangular plates. 

Therefore, the main object of the thesis is to investigate 
the behaviour of a rectangular plate, which is @ common engineering 
structure, wnen subjected to impulsive loading in order to provide 
valuable data necessary for future theoretical studies. 

The dynamic plastic behaviour of structures is clearly a function 
of several variables. However, reasonable approximations, such je} 
ignoring the influence of strain hardening and elasticity of the 
material, may provide accurate prediction of the behaviour of a 
structure when loaded dynamically. A rigid-perfectly plastic material 
is shown in figure (1). This idealization, in plasticity theory, 
yields great simplifications for various engineering problems. 

In fact, analytical and theoretical studies show that strain 
hardening is unimportant up to the order of twice the plate thickness 

Ref. (1). 
Definations of the lower and the upper bound theorems for rigid-perfectly 
Plastic materials are given in many references. For example Ref. (2); 


Lower bound theorem; "...... If a system of stresses can be found 





which is in equilibrium with the applied loads and which nowhere 
violates yield, then the structure will not collapse”. Ref. (2) 

Upper bound theorem: "...... If the work of a system of 
applied loads due to an associated kinematically admissible 
displacement field is equated to the corresponding internal work, 
then the system of loads will cause collapse of a structure". Ref. (2) 

It is obvious that from the definition of the upper and the lower 
bound theorems, the upper bound theorem always gives greater values 
of the applied loads than the Lower bound sacra. When these two 
theorems yield the same result, then the ssinevonrie an exact one. 

In this case, the results would give the greatest load which the 

structure may withstand without failure. A complete discussion of 

the dynamic behaviour of beams has been considered by LE and 

SYMONDS Ref. (3). However, in the case of two dimensional structures 

the problem is more complicated. Some solutions for axial symmetric 
structures such as circular and annular plates has been obtained. Ref. (4,5,6) 

HOPKINS, PRAGER and others have considered the limit analysis of 
plates for bending only. 

Simultaneous influence of membrane forces and the bending moments 
has been given by JONES. Ref.(7) His theoretical study on a simply 
supported rigid-perfectly plastic annular plates snows that final 
deformations are considerable smaller than those obtained by a bending 
theory only. Ref.(8) A theoretical study on the behaviour of a 
Simply supported rigid-perfectly plastic circular plate has been given 


by the same author. Ref.(9) His valuable results indicate that the 
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plate could support greater pressures when finite deflections are 
taken into account. 

COX and MORLAND have determined the load carrying capacity of 
a simply supported square plate, Ref. (10). They neglected elasticity, 
work hardening and strain rate effects and they estimated error due 
to approximation of Tresca's yield criterion to Johansen's criterion 
would be about five per cent. 

However, it does not appear possible to extend these solutions 
in order to describe the behaviour of rectangular plates. As a matter 
of fact, there is no exact solution, at present, for rectangular plates 
even when loaded statically. Difficulties arise due to anti-symmetric 
velocity field and the appearance of twisting moments in the equilibrium 
equations. Hinge line patterns of rectangular plates are shown in 
figure(2). When the upper bound collapse mechanism is used to describe 
the behaviour of a rectangular plate, it is assumed that all the deformations 
are confined to the hinge lines while the rest of the Siete including 
the boundaries remain rigid. 

It is clear from the foregoing comments that it would be extremely 
difficult to obtain a theoretical solution which describes the dynamic 
behaviour of a rectangular plate. The analysis would become even more 
complex if the influence of finite deflections were retained in the 
basic equation as they should be for circular plates with axial restraints. 
It is clear, therefore, approximate but reliable methods should be 
developed in order to describe the behaviour of rectangular plates as 


well as more general structural shapes when subjected to dynamic loads. 


ae 





Tt is hoped that the experimental results presented here will 
aid in the development of these approximate theories as well as 


providing useful design information. 
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BALLISTIC PENDULUM 


One of the basic values which must be calculated is the 
external energy applied to the structure. The applied impulsive 
load can be determined in several ways depending upon the nature 
of the load. There are many satisfactory experimental techniques 
in the field of dynamic loading of structures. One example is the 
"Impact Tube Technique", which has been developed recently. 
Essentially it is an adoptation of the aerodynamic shock tube which 
is used for appling impulsive loads to plates of various geometrical 
shapes. A more detailed description of the impact tube has been 
given in Ref.(11). However, the simplicity and the economical 
considerations compel the use of a ballistic pendulum. 

It is apparent that notwithstanding the disadvantageous 
mich are listed in the recommendation section of the thesis, 
the ballistic pendulum is a quite satisfactory technique which 
can be used to study the impulsive eeeene of structures, 

) The impulse imparted by an explosive lying on the specimen 
surface, can be computed by the initial amplitude of the ballistic 
pendulun swing as in the following manner. 


From conservation of momentum, 


Gas =m R (No - R We) (1) 
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Neglecting, friction losses at pivots, air drag forces and the 


energy dissipation due to unballanced swing conservation of energy 


can be written; Ref. (12) 


4 (oh fs q(m+™) R® (t_ces Om ) 


ony 


(GE) wie 2.9 (m1) RX sin (1. Gm ) 


Combining Equ.(1) and (2) 


29 (T4+iy RR (1- cos Om) (tM) 


Impact velocit Nie 
p | J9 om ace 


when mZ<M andR = R*, ‘Equ. (4) can be written: 


Vo =(%) (sin Qn) J 22M 
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(2-b) 


(3) 


(4) 





er head 


UPp 


| at ee SOLE yO EI 8 9 PTE A eet, © eee een 
s 6 ' 


© ty eens? 

W . 

® ere 

ocr” 

ty, 

Cree ee eer epee  cmmerar mere Sy PS 1 ee tents wy ay ee ee Sree, ae = _ot 4 fing, eae 
f € a ‘ 
: ; * hy -) 

, . ; 


heat sensitive 
paper 


Pore: rr eo, — 


~—4 a 


. ~ p- 
= wwe ws t 





wo dhe 





The validity of the above approximations i.e. m<<M and RER* 
mre Ziven in Appéndix C. 

It may be seen from the results presented in Appendix ¢C 
that the difference in impact velocity, Vo calculated from Equ. (3), 
and (4) is 0.15% approximately for Vo 250 ft/sec. and about 0.147%, 
for Vo 100 ft/sec. It is also shown from Fig.(3.) that energy losses 
due to air drag and friction forces at pivots are negligible and, 
therefore, they may not be taken into account. 

In the following two pages, impact velocity calculation 


of the specimen No=190 is presented, 
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Impact Velocity Calculation of Specimen No=190: 


een 
(mr™ 


a « a ia 
Impact velocity, Vo = [29 (zs R (—cosDen) (ent) 
MR 


Specimen weight, m= Sx S x H = 1.94274 x H kg. 
@= density of mild steel, kg/in.> 


S = surface area of the specimen =15.1875 sq.in. 
(constant for all experiments) 


H = thickness of the specimen 


i 


In this example, H = .17251 in. (Table 2 or 3) 
Total weight of pendulum = (m+ M) kg. 
In this example (m+ M) = 40.4795 ke. (Table 2) 


R = distance from pivots toc.g. of the specimen, see Fig. (10) 


il 


R 


Mosce=eDe= (275) tel jo no =e deals 
D = distance from ground (Table 2) 
in’ Ghis example, 2 = (2/5 an. 
Therefore, R = 136.3 - 7.75 = 128.55 in. 


R - R* = shifting of the c.g. due to ballast loads. 


R «= R¥ = ballast loads x 2.5 


(m + M) 


ballast loads = (m+ M) - (constant), , , 


ine 


(constant), = 32.6545625 (for thin 
specimens ) 
(constant), = 32.8645 (for medium 
specimens ) 
(constant), = 33.6795 (for thick 


specimens ) 
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Tn this example, R - Re = 2u2_i (mM) - 5396795) _ @ Wiicouam. 
(m+M) 


Therefore, R¥ =R ~- 0.4199 = 128.55 - 0.4199 = 128.13 in. 


I = (mM)R* = (40.4795) x (128.13)® = 6.64563 x 10? ke-in? 
i = (0.194125 x 0.17251) (128.55)® = 554.9728 kg-in.° 
(Iti) = 665118.9427 kg-in.® | | 


0.05844 Radians 


I 


Maximum swing angle, On = 7-75 


155n52 
5°, 3h 


il 


Substituting the values of (TI+i), cosOn, R*, (m+M))m and R into Equ.3 
Yo = 128,59479 ft. per sec. 

Soeucer result; Vo = 130./07 ft. per sec. 

(1.6165% error due to approximate cosine value of 5°.35 given in the 


Mathematical Tables). 
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EXPERIMENTAL DETAILS AND DESCRIPLION 


The experiments were performed in the "Aeroelastic and 


Structures Research Lab.” 


at Massachusetts Institute of Technology. 

In all the experiments Du pont blasting capsules - No = 6 and 
Du pont Detasheet - D explosives were used. The average size of 
the detasheet leader used to connect the detonator to the exploxive 
sheet was 1/8 in. thick and 12-20 in. long. The dynamic behaviour 
of the rectangular plates was studied with the aid of the ballistic 
pendulum shorm in Fig.(4}, The maximum deflections of the ballistic 
. pendulum were measured by a hot wire passing over heat sensitive 
paper which was placed on a device having the same curvature as the 
swing path of the pendulum. 

Rectangular plate specimen 8 in. by 6 in. were drilled with 
3/8 in. diameters, 95 shown in Fig.(5). High strength steel bolts 
and nuts were used to clamp the specimens securely between the 
Lower and upper heads as shown in Fig. (6). The specimens seen ie 
the first group of experiments were only machine grinded while 
polishing was done manually with "fine emery cloth". The rest 
of the specimens (Sp. No = 60, 70, 80, 90, 100, 180, and 190) 
were machine grinded and polished. 

Prior to detonating the explosive, the flatness of each specimen 
was inspected and the thickness measured. For each plate 32 thickness 
readings were measured and the average of these was taken as the 


actual thickness of the plate. Deformations were measured with the 


=i 





aid of a surface plate and a dial gage having an accuracy of 0.0001 in. 


The required boundary conditions was achieved by clamping the specimen 


securely between the lower and the upper head. 


In order to prevent any slip 


of the specimen, grooves were machined on the facing sides of the head as 


indicated in Fig.(7). 


Two types of shock absorbers, namely neoprene and foam rubber were used 


in the experiments to prevent the "spalling effect" caused by a sharo fronted 


stress wave with an amplitude freater than "critical fracture stress" of the 


material. In addition to foam rubber two layers of drafting tape - No=230 


was mounted between detasheet explosive and the specimen surface in order to 


prevent the "pitting effect" of the high explosive temperature. (In Table IT, 


the notations N and F refer to neoprene and the foam rubber respectively). 


The weights and the dimensions of the neoprene, foam rubber and the drafting 


tape are given in the following table. 


Neoprene: 
Foam rubber: 
Drafting tape: 


Rubbery cement*: 


Thickness 
0.1242 in. 
0.4968 in. 


5x107? in. 


(Table 


surface area 
dxO4 Sq, in. 
5x 7, 84-in. 
dx9 1, SQ. in. 
5x5 cael 


I )** 


Weight 
42 grm. 


{ erm. 


The locations of the foam rubber (or neoprene) and the detasheet 


* It was used to glue the foam rubber (or neoprene) and the detasheet 


explosive. 


** The phySical properties of foam rubber and neoprene are presented 


in Appendix D. 
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explosive on the specimen surface are shown in Fig.(8). In all 
calculations the weight of the foam rubber and neoprene were neglected. 
(See Appendix C). Commercially, the thinnest detasheet explosives 
are produced with two standard thicknesses of 10 mils and 15 mils. 
In order to study in a wide range of the impulsive loading, some 
holes were punched on some of the detasheet explosives, as indicated 
in Fig.(9), and it was assumed that the loading characteristics of 
the impulse would remain unchanged. 

Impact velocity calculations were performed by an TBM/1130 
and the rest of the calculations were done on a Wang calculator. 

Careful attention should be paid to ballancing of the 
ballistic pendulum otherwise vibration may cause undesirable energy 
dissipation. In order to achieve perfect ballance of the ballistic 
pendulum lead blocks with different weights were used and their 
effects were considered in the calculations. 

The apparatus used in this experimental study were prepared 
maeeeven Duzer, LT. U.S.N.3; R. Criffen, LT. U.S.N.3 T. Uran, LE.sce 


T.N. and by the author. 
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EXPERIMENTAL RESULTS AND DISCUSSION 


The results of the experiments are given in Tables (2,3,4) 
ena ig. (11,12,13, 14) 

Table (2) and (3) are divided into three categories. The 
experiments No. 1 to 7 represent thin specimens of Hy = 0.064 ines 
experiments No. 8 to 15 represent the medium specimens of Ho“= 0.098 in. 
and the specimens No. 16 to 25 represent the thick specimens of 
Hz “= 0.175 aed 

The specimens tested using neoprenes have slightly higher 
deformations than the specimens tested using foam rubbers. However, 
it is believed that number of experiments performed using neoprenes are 
not sufficient to crive a general conclusion. The reason for the 
use of foam rubber instead of neoprene is as follow: 

It was not possible to keep the neoprene fixed on the specimen 
surface. Immediately after the detonation process neoprene moved 
with an unknown initial occ, in the opposite direction of the 
ballistic pendulum. It was believed that this undesired motion of 
neoprene would complicate the calculations. 

In all calculations the weight of the neoprene and the foam 
rubber were neglected. The energy losses due to friction at pivots 
and the air drag were not taken into account. In the calculations following 
values of the yield stresses were used. (These average values 
of yield stresses were obtained from two tensile strength tests 


for each different plates and the stress - strain curves are presented 
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in Appendix B). 


Ce - 26598.58 \blint CS plore of Iu gages) 


Go- 33787. 77 Ibfins Co + 4, V2 Gaces) 
\4 yyt 7 Gages) 
So = 36007. 48 liv ( i te te 
2 yt 
eae 
In the dimensionless parameter = ene 
° Ae aT 


value of short length of the specimen i.e. 3.0 in. was introduced 
Magornevabion L. The nee were assumed homogenous and the 
average density of 0.000732 ‘b= Sec were used in the calculations. 

As indicated in the comment section of Table (II) in a few 
experiments which were performed with high impulsive loads a slight 
Slip occured and an inclination observed at the boundaries. However, 
it 18 shown that these effects were too small to affect the results. 

In Fig.(14) the non-dimensionless parameter ar Vee Yoonas 
appears to represent an excellent illustration of the results. The 
bending only analysis which has not yet been developed, would be a 
Straight line on this curve and presumable somewhat tangential to 
the point of this curve near to origin. 

Clearly strain rate, strain hardening and finite deflections 
are extremely important for the large values of the impact velocity, 


Vo as a\ and the bending only analysis would not be sufficient. 
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14 8 Sl C52 0. 596 36. 664 0.09837 0.4068 4 S52 16. 7 F | Pitted surface 
15 Z Sue tele (a 6e5 Cro 36. 460 0.09843 0.4235 4. 30 Couleeks Ei oli 
































‘est |Speci- 


No. 


~) 


men 
No. 





190 


100 


90 


Mase 


Swing 
(inches) 
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* Listed yalues of tha specimensiare the total| weights, i. ¢ 


Total wget} Total wet. 
of Specirentfof Penduhm] Plate 
Thickness 
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46,5218 


Sie 205 


AVe race 


Oral iae 


On tae 


OF W276 
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(Continued) 


Max. 
Deformation 


(inches) 





0.0535 
0.089 
0.162 
0.1764 
0. 2175 
0. 244 
0.2455 
0.2734 
0. 2963 


0.4052 
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O25 155 
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ieco es 


1, 4116 


1. 420 


neo 


Lat 


Ee oo 


the values of §xf 


Vo 


(fio sec. 





69.69 


88. 858 


13020 


SSG 


eio= 26 


OSene 


17 me 


7 CeO 2 








Comments 


N Unballanced swing. 
(experimental error. 


7 No heat-sensitive 
paper due to large 
swing. 


x 6|x 8 lbs. 
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thiekness, 
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0.0638 
O.0658 
0.06471 
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Oriole 1 
OGGoeot 
0.09845 
0.098382 
ONO SG25 
0.09820 
O20 2S7 
0.096543 
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O.i72om 
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Oo Tee ae 
OV tec 
Os eee 
Os Lv 22 
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TABLE - IV 


ee 









ESO xe 
SPECIMEN NO: 9 


eo NO: | 
SPECIMEN NO: 70 








H, = 0.0643 in; wl = 3.5427 H, = 0.06443 ins MM = 4.12 
POINT | Wx 10°/POINT | Wx 10 ||POINT | W x 10° |POINT Wx 10° 
NO: j(inches)} NO: |(inches) NO: anenes) | NO: (inches ) 

1 0.00 15 19.82 1 0.00 | 15 22.607 

2 9.97 16 11.40 2 125247 elo 14.007 

3 17.37 17 0.00 3 AO eye 0.00 

4 c1.49 18 0.00 4 24.707 | 18 0.00 

5 22.99 19 9.580 5 26.107 | 19° 11.947 

6 22.78 20 15.06 6 26.547 | 20 ones 

7 22.19 2] 17.570 7 26.167 | 21 21.467 

8 20.79 22 18.96 8 24.567 | 22 22.577 

9 23 0.00 9 19.767 | 23 0.00 

10 | 9-84 | 24 AiG 10 | W.8enth) 24 ASST 

i 0.00 | 25 9.56 1] 0.00 | 25 11.847 


14 | 19-84 | | 14 22.272 


12 0.00 26 | 9.70 12 0.00 26 enOr7 
ioe) | - 30 27 11.05 Ke i867 ees 13.807 
== 





BEST NO: 


Specimen No: 10 


a 


pe ah NS 


Wx 10° 
(inches) 


Point 
No. 


i 


2 


10 
iu 
2 
13 


14 


0.06383 in. 


2 


Wex 10 
(inches) 


0.0 
14.427 
23907 
23.367 
wo .007 
Ze 04 / 
29.137 


27.467 


© 22.487 


4.037 


14.967 


24.767 


= 4.647 


Point 


No. 


15 


16 


iy 


18 


Ls 


20 


2A 


Ze 


23 


24 


25 


26 


af 


Ze 
P5ta7 

0.0 

6 
OF 
Oso 7 
23107 


2507 


7.869 
2 a7 
14.737 
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Continued to Table IV 


TEST NO: 


1 


Point 


No. 


tt 


2. 


4 


10 
PE 
12 
ile 


14 


0.0638 in. 


Specimen No: 8 


2 


Wx 10 
(inches) 


0.0 


14293 


24.44 


30.14 


eV araly 


I2e 00 


Saget 


30.73 


24.93 


15.49 


0.0 


0.0 


15.78 


27 agg 


> oH 


5.16614 


Point 


No. 
15 
16 


wy 


Ee, 
20 
21 
ZZ 
23 
24 
25 
26 


27 


Z 


W x 10 
(inches) 


28.04 
La 

Cae 

0.0 
Gee 
21.80 
Zoe 


27.48 


1OsGe 
14.43 
16.3 


Tie 





Continued to Table IV 
Beol NO: 5 PES La NOs 2 


Specimen No.: 12 


H, = 0.0647 in. ; = 6.420 ; H, = 0.0635 in. ; = 6 780r 

Point Point Wx a1 Point Wx 10° 
No. (inches) No. (inches) (inches) 
ii OO i B52 219 i OA 
2 19.159 16 Zao 2 One 
B B2 019 ey One 3 S229 
d, Belo 18 O50 4, SUS 
5 ebreL de J ie, IES OES, 5 42.34 
6 meal. 549 20 MI eo ALS) 6 42.74 
7 ee ooo Zi; 322009 i 41.27 
8 38.919 - 22 34.909 8 Bone 
9 32.579 23 0.0 9 Sion 
10 18.739 24 ies 10 IS ey) 
1 Oo. 0 25 7 Gy) Ih 0.0 
2 O20 26 Z0ReS eZ 0.0 
3 ZG 9 M3) ZL 079 JES Poneoe 
14 39.049 14 





oy 


Specimen No: 


6 


80 


35.84 


Point 
No. 


i 


16 


17 


Aes 


19 


20 


21 


22 


23 


24 


23 


26 


27, 


Wx 102 
(inches) 


3620 
2a 
0.0 
OF, 
19.2 
2936 
34.37 


36.03 


12.44 
18. 54 
20 53 


210383 





Continued to Table LV 


TEST NO: 8 TEST NO: 9 
Specimen No: 60 Specimen No: 3 
Hy = 0.1021 in. ; = 1.046 H, = 0.09851 in. ; ae 1.8931 


Wx 10° Point] W x 10° 


(inches) No. (inches) 





i eu. 0 5 Sieg 1 O20 15 15. 266 


2 te 7 Il 16 5.04 2 Gah d ro 8.66 
5 eo I. 1g) On0 3 13.89 17 0.0 
4, 2270 18 | 0.0 4 Om 2 18 0.0 
5 10.66 ky 4.40 > oe 19 7.0 
6 10. 68 20 Oe 6 18.64 20 11.14 
i 9619 21 o220 7 18.24 am 13. 16r 
8 8.74 Ze 8.68 8 iro Ze 14.51 
9 be JZ 23 0.0 g | 13.97 ZS 0.0 
10 4.17 24 . 3.08 10 §.09 24 4.22 
iL 0.0 ZS 4.18 el 0.0 25 a Sule, 
i 2 0.0 26 4.88 eZ 0.0 26 Gece 
3 Bol 7 Za 5.04 1S 10.069 27 8.349 
14 8.46 14 Poo 


gy Oy 








TEST NO: 10 
SPECIMEN NO: 1 
Hy = 0.09845 in; i = 1.94768 
‘POINT | Bae or | x 10 
NO: |(inches) RO: | (inches) _ 
0.00 | 15 16.93 
2 presen la6 10.67 
3 14.94 | 17 0.00 
4 18.28 | 18 0.00 
5 19.0 | 19 8.905 
6 19.17 | 20 13.42 
7 eee7 21 15.98 
8 17.57 | 22 16.87 
9 14.34 | 23 0.00 
10 7.86 | 24 6.015 
1 0.00 | 25 8.53 
12 0.00 | 26 9.77 
133.1 9.45 | 27 11.25 
fae 15.93 


a SE Ee 


Continued to TABLE - IV 


a em ee 
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TEST NO: 11 
SPECIIEN NO: 10 
Hy = 0.09832 ins m= 2.755 
pour a a 7 
f NO: inches) | NO: 
0.00 | 15 46 
2 12.468 | 16 14.09 
3 20.368 | 17 0.00 
4 24.878 | 18 0.00 
5 26.558 | 19 11.78 
6 27.088 | 20 18.30 
7 26.54 | 2] 21.18 
g 24.73 | 22 22.71 
9 19.74 | 23 0.00 
10 | 11.20 | 24 7.928 
11 «| 0.00 | 25 11.908 
12 0.00 | 26 13.488 
13. | 13.798 | 27 ieueee 
14 Zonal 


« 
ee ee BE CEs oo nm ee. ee oe ee 


i) = eee} oer 


Wx 10 
(inches) 


meer a ee eee 





Continued to Table IV 
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TEST NO: 12 TEST NO: 13 
Specimen No: 9 Specimen No: 180 
H, = 0.09825 in. ; ro ee H, = 0.0982 in. ; Vin 3 7627 
NO. (inches) NO. (inches) NO. (inches) NO (inches) 
iL 28.085 31.77 
2 io 95 16 62625 2 16.16 16 18.66 
3 27.085 17 0.00 3 oe 17 0.00 
d Bi. 755 18 0.00 r 33.47 18 0.00 
5 B28 755 19 16.395 5 36.09 19 14.79 
6 B2.785 20 22.865 6 36.95 20 23.56 
7 955 val 25.495 7 36.27 za 28.33 
8 29.975 22 27.685 8 34.03 22 30.66 
9 24175 23 0.00 9 27.94 23 0.00 
10 a. 325 24 9.975 10 15.68 24 Jeol 
“tal 0.00 25 12.825 ie 0.00 25 14.0 
12 0.00 26 15.445 12 0.00 26 16 .26 
Lg 16.625 Dy 16.085 13. | 18.96 27 17.44 
14 27.995 14 S32 





Continued to Table IV 
TEST NO: 14 TEST ONO® “15 
Specimen No: 2 Specimen No: 8 


H, = 0.09843in.; Wm 
2 co 


Ae oUS 


H, = 0.09837 in; Wm 
2 He 


Ao, 





POINT 
NO. (inches) 
1 0.00 15 36.757 L 0.00 15 | 34.463 
ome 19.477 16 22.157 2 19.288 | 16 | 20.443 
ge 33.207 iG) 0.00 3 30.993 | 17 0.00 
4 | 38.982 18 0.00 4 37.463 | 18 | 0.00 
mm1.577 19 18.877 5 39.818 | 19 | 17.643 
unl) 42.357 20 28.407 6 40.683 | 20 | 26.603 
fn 41.257 21 33.347 7 39.513 | 21 | 31.383 
g | 38.477 22 35.137 8 36.933 |) 22°) | ames 
9 | 32.877 22 Vel OHO 0 9 30.503 | 23 0.00 
10 | 19.60 24 13.167 10 18.443 | 24 || diate 
11 0.00 25 18.217 11 0.00 25 | 16.483 
2 0.00 26 20.267 12 0.00 26 | 18.382 
13 | 23.187 a 22.027 13 22.143 | 27 eons 
fe) 37.137 14 32.413 
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Continued to Table IV 


TEST NO: 16 PEST NOs; 17 

Specimen No: l Specimen No: 2 

H, mel /25 in. ; max 0.3096 Hy = 051728) ina max 0.5155372 

a POINT (eae | POINT THe 

(inches) NO. (inches) NO. (inches) NO. (inches) 
7.208 

2 2.72 16 3.17 2 4.139 16 5.039 
> Be. 3S 7 0.00 3) brelOo 17 0.00 
4 ed 7 18 0.00 4 i. ODD 18 0.00 
5 ie LZ 19 2.645 5 8.499 19 4.119 
6 Deo 20 Sea, 6 So. 909 20 5.662 
7 07 21 4.06 7 8.459 al 6.569 
8 4.5 22 aoe 8 7.619 22 7.238 
2 3.54 p48) 1.74 9 Calg 23 0.00 
10 2.6 24 JUPAS: 10 4.309 24 3. 1d 
ey 0.00 25 27 NEY 0.00 22 3.919 
eZ 0.00 26 g.09 eZ 0.00 26 4.739 
1.3 6.03 Zia Sky 13 45929 Zi 5.141 


14 4.35 . 14 7.409 
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Concinued to LTanlewn 
Per nO.: 18 ToS) Oy. ee 
ecimien 110.3 6 specimen No. = igo 


emo 1726 in.; #™ * O,9379 HS = 0.17251 in.; “mM = 1 92049 


at H 
Mme) Wx 107 | Point! wx 102 Wx 10" | Point | wx 102 
Ko. (inches) itor (inches) (inches) iy Or (inches) 
i ome 15 13.574 1 0.0 15 14.679 
2 6.114 16 7.904 2 5.929 16 8,349 
3 HO. 774 17 0.0 3 eng 17 Oe 
4 13.444 1g 0.0 4 15.759 19 0.0 
5 15.374 ie 5.354 5 Aeon 19 6.399 
6 1$.204 20 8.734 6 17.639 20 10.949 
We 15.694 21 Om 74 7 16.309 21 13.33 
g 14.354 22 12.114 g 13.999 20 14.559 
g 11.154 23 0.0 9 9,959 23 O16 
10 Be 24 24 peeve 10 5.829 24 4.429 
ll 0.0 25 5.294 ie 0.0 25 6.529 
12 0.0 26 6.404 12 0.0 26 7.799 
lz 6.824 27 ep al 13 8.699 27 8.339 
‘4 12.954 14 14.339 

SAG 








Continued to TABLE - IV 
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TEST HO: 20 ! TEST WO: 27 
SPECIMEN NO: 100 | SPECIMEN #0: 7. 


i ; A 
Ha = 0.17295 ins os aes H. = 0.17283 in; ni = 1.41161 


- 8 ee er ee oe 














point |Wx 10° pom [Wx 10% port I x 10% port | Wx 10° 
NO: (inches) | NO: (inches) |} NO: inches) | NO: | (inches) . 
1 0.00 | 15 17.855 1 00 | 15 19.867 
2 7.705 | 16 10.055 2 307 | 16 11.017 
3 14.505 | 17 0.00 3 617 | 17 0.00 
4 19.105} 18 0.00 4 217 | 18 0.00 
-§- 21.655 | 19 7.035 5 607 | 19 8.207 
6 21.75 | 20 12.655 6 Com aeo 13.817 
7 21.255] 21 15.905 7 Seah 2), 17.037 
g 18.705] 22 16.855 g TATAP 22 18.437 
9 14.505} 23 0.00 9 977 | 23 0.00 
10 7.655 | 24 4.595 16 027 | 24 5.347 
nN 0.00 | 25 7.525 |] 11 00 | 25 8.377 
12 0.00 | 26 9.005 |} 12 00 | 26 9.787 
13 10.535 | 27 9. 346 13 een 10.507 
14 14 817 - 
: 
41 — | 








Continued to Table IV 


TEST NO: 22 TESE ENO eco 
Specimen No: 4 Specimen No: 5 
Hy = 0.17292 an. 5 Wm _ 44201 Hy = 0.17310 in. 5 Wim _ 157943 
lz ela [le [ae 
eeiies) NO (inches) oo Ss NO. (inches) 
20.398 : 22205 
Z 8.838 16 iOS Z 10.66 16 12,56 
3 15.308 7 0.00 3 192055 A 0.00 
4 20.468 18 0.00 4 Looe 18 0.00 
5 | 23.118 19 7.958 5 26.44 19 | allow 
6 24.558 20 ie 25 6 27.34 20 16.57 
7 23.908 21 LTO1o 7 ZOO Za 19.84 
8 71.458 22 19.588 8 ZueOd Je 22010 
9 16.358 23 0.00 9 19.45 23 0.00 
10 9.958 24 4.943 10 LORE, 24 6.58 
a 0.00 25 8.288 il 0.00 es 9.64 
AZ 0.00 26 10 .008 12 0.00 26 li.v2 
ko M285 27 11.088 13 13.14 27 ioe 
14 20.028 14 Zoi 


Nhe 





Pontinuca bo an tel ae 


“5! OR o4 ta ine. 25 

pecimen Now: 90 5)e¢¢ limon) 0... mee 

5= 0.17276 in.; "™ = 1.715 HS = 0.1729 in.; 3 See 
il fi 


a ea aT aT 


pint | Wx 10° ie 
KO, (inches) 
l Oe 

2 11.244 
3 19.814 
: Boe O44 
0 20 0 O44 
6 pes654 
7 28.044 
d 25.874 
J 20.574 
10 12.034 
ll 0.0 

12 0.0 

i 17.504 
# 5.276 





oint| wx 107 Point| Wx 10° Point | Wx 102 

HON (inches) Oe (inches) ior (inches) 

5 2 eis ili 10.0 

16 14,184 2 Lege 

ae 0 3 Coa 

bie Gee 4, 56 49 

19 10.414 S So eeu 

EO 16.484 6 40.52 

ok 20 854 ae 39 349 mal oe .O0G 

Oe 22.904 & 66.0 oe 32408 

ee On a OEE ee G70 

24 6.144 LO dee no o.oo 

ae 9.004 iat Oso ae 14.65 

Cas ele (ek ike Cr ae 17.4 

eat Veeecce iS 20.49 2 Loe ae 
14 34.77 
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CONCLUS TONS 


The behaviour of rectangular, mild steel plates with four 
edges clamped when subjected to uniform impulsive loads are 
studied herein and the results are presented in Fig. (11,12,13,14) 
and Tables (2,3,4). 

It is shown from Fig.(14) that strain hardening, strain rate 
and finite deflections are extremely important for large values of 
impact velocity and therefore the bending only analysis would not 
provide a sufficient answer for the large values of the impact 
velocity. 

It is also concluded that high temperatures caused by 
detasheet explosition would not create any thermal stresses or > 
thermal shock problems. 

Although the study can not be considered complete, it is 


believed that a reasonable number of useful results are presented 


to aid the development of future theoretical studies. 


EAG= 








RECOMMENDATIONS 


lL. For higher values of the impact velocity, a bigger number 
of bolts is required to maintain the boundary conditions fix. 

2. To prevent deformation and improve rigidity, thicknesses 
of the lower and upper heads should be increases, 

4. An increase in the number of tensile strength tests will 
yield more accurate value for the yield stress, 

ee mn the chemical analysis of the samples taken from a 
plate, the following suggestion is presented. 

After the analysis of the eaea content of the plate, 
take more samples from the same plate and analyze each individual 
sample for its alloying elements which have dominate effect on the 
mechanical properties of the material. For example, in mild steel, 
analyze only Carbon and Phosphore. 

5. Increase weight of ballistic pendulum for experiments with 
thicker plates, so as to decrease the max swing angle or mcdify 
the "heat sensitive paper device" to allow for recording of larger 
displacements. However, this involves the difficulty of ballancing 


the ballistic pendulum at high impact velocities. 
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APPENDIX A 


"THE RESULTS OF CHEMICAL ANALYSIS" 

Alloying elements of the three mild steel plates of 14 gages, 
12 gages and 7 gages were analyzed at the "Central Analytical 
Laboratory" at the Massachusetts Institute of Technology. The 
original copy of the report is attached to the Appendix. 

It is shown that the percentages of the carbon content 
vary widely. The percentage difference of the carbon content 
between the plate of 14 gages and the plate of 12 gages is about 


87 percent. 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
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APPENDIX B 


TENSILE STRENGTH TEST RESULTS 


The tensile strenght tests were performed for each 
different plate thickness, i1.e., 14 gages, 12 gages and 7 
gages. The stress-strain curves of the plates are attached to 
the Appendix. 

In Figure 15, the plots verify the report of chemical 
analysis of the plates. The relatively high yield strength or 
the specimens cut from the plate of 14 gages is due to the 
higher carbon content of these specimens. Ref.(19). 

An exact evaluation of the yield stresses however, 
requires a greater number of tensile strength tests. 

From Figure 15 the following results were obtained and 


used in the calculations: 


(a5) 
(oz) average = 33.787 »o.s.i. for the plate of 12 page 
c) 


( 


average 36.598 p.s.i. for the plate of 14 gages 


average = 36.0068 p.si. for the palte of 7 gages. 
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APPENDIX C 


COMPUTER RESULTS OF IMPACT VELOCITY, Vo 
AND APPROXIMATE VALUES OF Vo 

In this Appendix computer results of the impact velocities are 
presented. The notations "Vel" and "A" represent the impact velocities 
computed using Equation 43 and 4 on Page 16, respectively. It is shown 
that the assumptions of m&M and R= R*¥ create an error less than 0. 16%. 

it is concluded that up to 250 ft. per sec. impact velocivuyenaa.— 
calculated using Equation 4. It is clear that this conclusion is not 
a general one, when R, R* decrease or/and. (R-R*¥) and M inoteeeen then 
Equation 4 may not be used. The calculations must be performed by a 
computer otherwise about 5% error may be involved in the calculations 


due to rough interpolated cosine values given in mathematical tables. 
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SCG=136.3-D 

PCG=SCG-CCS 
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— |e ee ele 


NGG / era 
Grae l7ee 

Na SURAT SRS Tei 

VEL=SORT(7 72. 146% VXP COW) EAS (12. 8WSP*SCG) 

AVELE= SORT (4866 *VEW/SCG) *(STM(BACL) )*2./(1262WSP) 
WO EMU eee ETON rer 

IF ({N-190) 50,51,50 

At Ms = 15," VEL=* jf20eia,® A=eana ae 
CINE FESO 

END 


sc wee ee 
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| : | * Soo » 1*io, | 
N= Oe ee ba4 .09G 5 Gees = 134.198349 
= }0O VEL= L65.07T4829459) A-sa sso. 
f= «80 ~VELS 234.03 T8L1G96% A= 224meos 
N= lL? Vibe Po. G 639 a aoe = “233a6c (39 
N= § VEL= L€0.0824588537 A= 180.34799 
ce ay = LD2 «59960392355 f= Vo2a ee 
= eit Vile 217 024085037246 Naw tie omer 
N= GU cle = NOs fT 3a yO0TO3gn = SO. 602 32 
= 3 VEL= Plas SOOee7 Cao LT = 119.14300 
N= lL WEL= 124.2385255694 Nes 24254200 
N= 9 VEL= L768 .0052 798986 A= 3b ieee Goo 
= LO vat = Lol.~1 1694/4367 A= TEleorTeg 
N= L80 VeEetl= 202.2.60026920CG80 A= 202077401 
N= ea {= Aoalebk393436189 A= 2aheoewo. 
ls R VEL= 216.721649%8TL A= 216.90469 
N= L Vee 69 .-G988527476 A= 69.74987 
N= 2 VEL= Get GOS2 ler or oN 56. 90 165 
= Pe = l6G.263845635519 f= 16625) 7. -s 
Ks LCO Vets 1953636(09063654%4 A= [536073 
Nee Sey l= 17H. O22 CU9513 B= Tie 
N= 5 VeLl= Tile ler41io eo Ae a lee 
i= qe eee 1695 /4390116322 f= eee, 
N= Pe Niele L306 7013360178346 fe 1302 ee So 
% 
VEL = Impact Velocity (ft/sec) (From equation 3) 
*Fy = Impact Velocity (ft/sec) (From equation 4) 
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APPENDIX D 


MECHANICAL PROPERTIES OF FOAM RUBBER AND NEOPRENE 


In this Appendix properties of neoprene and foam rubber are 


presented for future studies. Properties have been given in 


Ref. (17) and (18). 





TABLE — V 


PROPERTIES OF 


- 


qe 


NEOPRENE” 





Property Unvulcanized 
: Ref. 
. . = 
Density (2 cog bs 25 4 12,36 
Coefficient of Expansion, ) ° ae 
volume (1/V(dV/¢eT) (deg C) @ 60 «10 4,8 
Thermal 
Glass Transition {dcg C? “45 22 
Temperature 
£ Specific Heat teal g (deg c)7)} 0.52 4 
" Thermal Conductivity 46 x 107 4 
Optical 
Refractive Index My -} 1.558 - 11 
dn, /dT {(dez C) “2? -36 x 10 11 
Electrical 
Pielectric Constant (1 kc) 
Dissipation Factur (1 kc) 
Conductivity {mho cana 
Mechanical oT me 
Compressibility B (bar _4; 48 x 10 ae 15,25 
dB/dPp {bar ~] ‘ -0.028 x 10 25 
\ Bulk Wave Velocity ae {a seer 


f Strip Qlongitudinal wave)in ee 


Velocity “4 (1 kc) 
Ultimate Elongation 


' Tensile Strength 
Cn ne SS ees 


Initial Slope of * 


Stress-Strain Curve 


(%j 


tke emis 


Spates =o 
_dyne cm "| 


Young's Modulus E (1 min.) 


Shear Modulus G 
el cin.) 


Shear Compliance J 
Cl otin. 


Creep (1/J)(d3/d leg tc) 


Conplex Dynazic 
Shear Modulus G* 
(60 cycles) 


*.- Storage Modulus G' 
(valtes of loz G") 


Loss Modulus G" 
(Values of lcg G") 


Loss Tangent G'"/G; 


A Resilience (rebound) 


* PROM REF.(17) 


ee . nae 


“dyne ence ' 


« 


rome ESS 


7 (decade) as 


7 


ae 


“Cyne om 


- -2. 
UGVNG TGs) ie. 


ones 


—5 9 


—=— 


Purc -guz 
Vulcanizate 

Ref. 

Pe 3z 14 
-5 
61-72 x 10 4,14 
AG 22,38 
0.49-0.52 8 
46 x 107° 8,34 
6.5-6u1 7 
0.031-0.086 7 
Sa Aoe lomo 7 
oh 

Gace NOR 5525 
-0.023 x 10 25 
1420 15 
69 8,15 
800-1000 eo 
250-375 fe 
We the 2338 


CiG=30° story es ccs 


5.2 x 10° ¢ "38 
(3-10 x 10°) 2.23.28 
0.20 x 10° 6 . 38 
(O-1-0.3 x 10; 2,23, 

38 
6 23030 
(5-10) 23ec 
6.81 17 
6.04 Mz 
0.17 17 
60-65 2,16 


ee 





Vulcanizate Containing ! 
About 337. Carbon Black | 
(-50 phr) 


lle 


1.42 


-43 


0.40-0.42 


50 x 10° 


36 x10) 
-0.017 x 10 
1520 


196 


500-600 


210-300 


———————— a ee 
* 





vU-5U0 x 10° 


14 x 10° 


0.07 x 10° 


7.45 


0.20 


sé 
ao 


(40-50) 





Ti Rie. V ( Continued) ' 


‘PROPERTIES OF FOAM RUBBER *” 





Plastic Composition 


Density, Ib/ft?: 


Mechanical Properties at 75°F 
Compressive strength, psi 
Tensile strengah. psi 
Flexural strength, pl 
Shear strougth, pi 
Compressive modulus, psi « 16° 
Flexural modulus, psi x 10° 
Shear madulns, psi « 10° 


Therinal Properties 
Jhermal conductivity (initial), 
Bitieid. -F-'ft-*her-! 
PYhermal conductivity (equil.), 
Btu-in. *F~-!'ft-*hr-! 
Coctticient of thernud 


Smatewouein. in.—*°N~-' x 10-* 3.5 


Flamaiability 
Heat distoition temp., °F 


Electrical Properties 
Dielectric canstant at 1O%¢ps 
Dissipation factor 

at 10%eps, «~ 10°‘ 


Chemical Properties 
Water absorption 
(10-ft head), 1b, ft? 
Water absorption, vol. % 
Moisture-vapor transmission, 
perm-inch 


Specifie heat, Btu/Ib 


ee ee ee ee wee 


—_— — «. 





ee ne 








pe nm ee ee ee 8 ee 8 eg eee 


** From Ref.(18) 
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Polyethylene 


Urea- 


for malde- 


hyde 

vg =" -71.8 
© 
670-1800 

17 

ai 

23 

bir aia 

120 
es ueiae 
secs 40.0 

40 


Silicone 
3.0 lf 
6.2 200 
281 wa 
FR 

650 700 
1.09 1,25 

10.2 


Ccllnlose 
acetale 





125 
170 
147 
140 


31 


2.5 
burns 
350 


Pe 
2U 


4.5 





Polystyrene Polyurethane Epoxy Phenol- 
: formaldehyde 
Eatruded Molded Polyether Polyester 
Board FiPe Fipe 
1.9 2.9 4.4 1.0 2.0 4.9 oo 2.5 oe 2.3 2.0 4.0 &.0 2A 
35 65 130 20 35 70 50u « 32 37 a 25 55-140 
70 105 178 20 45 85 30 47 40 15 30 70 25 
70 80 86160 8620 60 = 120 60 55 60 45 90 205 
40 os 8&5 30 ° 25 45 
10° 60 SOG 2a 75 17s B1e 2D 
25. 20° 22.958 2, 2.4 6.6 1.0 
9 1.8 2.95 5b 
eG 16 16 16 eZee) 110 11 
26 260 .240 .243 .165 .150 157 5 <0 220 273s 
_. . sslogs, 274 9) | is 1s) Es ; 
_.ititi‘iséSCSCSC(éS—tan Le Made WK Pe a PR FR orn yg 
170 170 17U 175 17a 173 3=—s- 20 300 = =6250 160 
<1.05 1,07 1.07 <1,017 1.02 “1.06 101 _ 1.05 
<4.0 <4.0 <4.0 <1.0 7.0 13 "90 
0§ 0S ..08 nil nil nil <.0! .06 .O4 .03 A 
<1.0 -<10 <1.0<20 190 4.0 
15 16 15 20 20° 20 <25 47 10 1 {oi 
oe 38 388 8.38 
e, Load paralicl to thickness dimension. 
’. Joad perpendicular to thickness dimension. 
¢e. With skin. 
d, Without skin. 
e. FSP = foamed-in-place. 
f. Prepared from low-density polyethyiene, 
g. Prepared from high-density polyethylene. 
a. FR = flame retardant. 
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APPENDIX E 
LOCATIONS OF THE SPECIMENS ON THE ORIGINAL PLATES 


In this Appendix the locations cf the specimens on the plates 


are presented by Fig.(16-a) and (16-b). 
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APPENDIX F 


PIAN OF THE CHAMBER 
The plan of the chamber was reproduced from the original plan 
and presented in the following page. Chamber in which experiments 
were carried out was denoted with the blast tank on the original 


plan. 
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Fig.17 (Plan of the Chamber) 


* REPRODUCED FROM THE ORIGINAL PLAN 
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APPENDIX G 


THE NEGLECT OF TEMPERATURE RISE IN THE SPECIMENS 

The following examples illustrate the effect of the temperature 
rise in the specimens due to the explosion. 

Assume, a temperature change of 10°F in a specimen. This corresponds 
to 0.0001 strain for steel specimens, which in turn corresponds to) 320CONp yaa 
stress for the same material. If the temperature change in the specimen 
is 10°F and if the Young modulus is 30 x 10° p.s.i., es 107? and 

= 1/2 x NOme then a strain.gange mounted on the specimen would give 
an error of AT( ls VI*F which is equal to 1500 p.s.i. Therefore, 
the error is quite significant. ; 

Thermal stresses would be more SapOLtent when they are combined with 
the loading stresses. Ref.(13) In elastic as well as in plastic 
range a‘sufficiently high temperature rise would effect the properties 
of the material such as Young modulus, yield point, strain hardening, 
stress-strain rate etc. 

With these considerations in mind and assuming that the plates 


are to be subjected to a uniform heat source, the following mathematical 


model is presented. 


ae 





Mathematical Model 


Assumptions 

1-) The plates are subjected to a uniform heat source, Qo. 

2-) The plates are attached to fixed boundaries. 

3-) All of the physical properties of the plates are constant. 
i.e. are not functions of temperature. 

4.) The rear surface °of the plate, z = O and four edges are 
insulated. 

5-) We have continuous heat source. 

6-) Absorbed heat energy Q, is equal to the explosive heat energy, Q.* 


7-) Heat conduction in z direction only. 
2 J 


PLATE THickmess ,y 


x : 
INSULAR FACE 






CONSTANT Eh SOURCE Ce SURFACE , Z= | 





time ,& 


Fig.(19) 


SmoGricGLly Speaking @ f Qo: Since, some of the explcsive heatveuenc, 


is ratiated into the atmosphere. 


Wace 





The differential equation of the heat conduction relevant to 


a plate which is subjected to a sudden heat source is 


at (z,*) ny Oe ) 
ae. Ds (5) 


And the boundary conditions are: 


SG 


oT _ he zs Wo lee) 
57 8 : ; 


a 


iN 


T = lo at area or 
oT =O OL €£=0 and +>ot 
az 
Then, the solution of the equation (5) is given by Ref.(14). 


o mt 
a - t 
ize) =To + QH 4st , Boles Sea Be Cau ae 
‘ Cos VAS 





or in the dimensionless form: 





ee 2s At ae eee a ce - 
Qu WH ate IS ay tt 
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Since the infinite series in the last equation converges rapidly 
only the first term of the series will be retained for given values 
of Z The dimensionless temperature rise versus dimensionless time is 
shown in Fig. (20). 

Fig.(20) enables us to calculate the temperature rise for a given 
values of time or vise versa. 

AS an example, suppose that 2 0.175 in. thick steel plate is” 
subjected to the explosive heat source induced by a detasheet explosive 
of 10 grams. Specimen surface area is 15.0 sq. in. Calculate the 
temperature rise on the Layer, Z = H/2 at the end of one microsecond. 


The following data is also available for the calculations.* 


STEEL (mild) ALUMINUM (pure) 
Thermal diffusion, : 0.452 tne F008 ft&/ny 
fimermal conductivity, k : 25.0 Btv/hr-ftor | 118.0 Btu/hr-ft-%F 
Density, ¢ : 487.0 Ybm/ft? 169.0 lbm/ft? 
Specific heat, Cp : 0.113 Btu/lbm-F 0.214 Btu/lom-OF 
Table (6) 


Explosive heat = 1.100 cal/gram Ref. (16) 


3 


Conversion factor: 1 cal = 3.97 x 10 ~ Btu. 


* The values given in table (6) are adopted from Ref. (15). 
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Solution 
Explosive heat energy, @ = 10 x 1100 x 3.97 x 107? = 43,67 Btu. 
Assuming explosive heat source is uniform, as shown in Fig. (20) and using 
assumption - 6 
Se 43.67 X 2600 __ pa ee eau eee 


lo 3 x» IS 
yas 


a -% 
Dimensionless time, A* . 0.452 AIS” - 6.4% 
Ue ari coe 
2 


ey os Aaa "ise is: eee 
From Fig.(20) corresponding temperature rise is AT‘ 


Conclusions of the Appendix 

As long as the assumed Seer explosive heat energy takes one 
micro second or less, it is found that temperature rise and corresponding 
thermal stresses are negligible which, therefore, do not cause any 
errors in the readings of strain gages.. 

However, when the specimens are in direct contact with the 
explosive, another problem arises. High explosive temperature tends 
to create a pitted surface on the specimens. 

Finally, even if the explosive pressures are below those necessary 
for spalling, then a rubbery type material which has good insulation 


characteristics could still be used to prevent pitting eifect. 
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Symbols 
A 

Cp 

D 

E : 
GC e 
g 

4 : 
ip 

+ e 
K 

L 

m ; 
M : 
(mM): 


x 


ss. 
Q © 
Qo 
R ; 
Ry, : 
R¥ 
hse 


NOMENCLATURE 


Impact velocity computed using Equation 4 

Specific heat 

Distance from ground to bottom of ballistic pendulum 
Young modulus 

Strain 

Gravition force, 32.1724 ft. /sec® 

Specimen thickness 

Moment cf inertia of the ballistic pendulum 

Moment of inertia of the specimen 

Thermal conductivity : 
Short length of the specimen, L = 9.0 in. 

Specimen weight 

Pendulum weight 

Total pendulum weight (includes ballast and specimen weights) 
Density, times plate thickness, = ‘SxH 

Thermal expansion coefficient of a specimen 

Thermal expansion coefficient of a strain gage. 
Explosition heat energy 

Absorbed heat energy 

Distance from pivot to center of gravity of a specimen 
Distance form pivot to heat sensitive paper 

Distance form pivot to center of gravity of the pendulum 
Shifting of center of gravity due to ballast loads 


Density 


m7 Sie 





Symbols 


S 


op-No ; 


SI 
Go 


alt 
To 
AT 
t 
AT 
Vo 


Vel 


fe 


4s 
x Sy 





Qo 


x 


=— :Wmax: 


specimen surface area 

Specimen number 

Stress 

Heel Siig 

Temperature 

Room temperature 

Temperature rise, (T-To) 

Time 

T-To = temperature rise in a specimen 

Impact velocity 

Impact velocity calculated using Equation 3 

Final deformation 2 
Max. final deformation 

Angular initial velocity of the ballistic pendulum 
Hingle line angle on a rectangular plate 

Maximum forward swing angle of the ballistic pendulum 
Maximum forward amplitude 

Dimensionless time 

Dimensionless temperature rise 


Thermal diffusivity 
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